Introduction
============

Sickle cell anemia (SCA) is the most common cause of stroke in childhood.^[@b1-1031136]^ The abnormal sickle hemoglobin (HbS) polymerizes when deoxygenated, damaging red cells, causing vaso-occlusion and vascular endothelial dysfunction.^[@b2-1031136]^ A cascade of pathological processes follows, including inflammation, hemolysis, anemia, oxidative stress, reperfusion injury, hypercoagulability, and nitric oxide deficiency.^[@b3-1031136]^ Survival is reduced by 20-30 years^[@b4-1031136],[@b5-1031136]^ and vasculopathic complications include pulmonary hypertension, priapism, and cerebrovascular disease.^[@b6-1031136]^ The latter is the major cause of morbidity in children and takes two forms: overt stroke often associated with large vessel disease,^[@b7-1031136]^ and silent cerebral infarcts (SCI) of less certain pathology.^[@b8-1031136]^ Without intervention, overt stroke has a peak incidence of 1.02/100 patient years between 2 and 5 years,^[@b9-1031136]^ although primary prevention using transcranial Doppler (TCD) scanning and blood transfusion reduces this by 90%.^[@b10-1031136]^ The implementation of TCD-based stroke prevention has led to a significant fall in overt strokes in many countries.^[@b11-1031136],[@b12-1031136]^ SCI is more common than overt stroke with MRI showing relevant lesions in 13% of two year olds, 25% of six year olds, and 30-40% of 14 year olds.^[@b13-1031136]^

Although by definition SCIs are not associated with overt symptoms, they cause significant morbidity, including a reduction in IQ, defects in executive function, epilepsy, and increased risk of further SCIs and overt strokes.^[@b13-1031136]^ Early detection of SCI is useful to allow cognitive assessment, educational support and therapeutic intervention. The Silent Cerebral Infarct Multi-Center Clinical Trial (SIT Trial), a randomised controlled study, showed that regular blood transfusion reduced the incidence of recurrent infarction in children with SCIs compared to the observational arm.^[@b14-1031136]^

The pathophysiology of SCI is unclear. It is often stated that SCIs are caused by small vessel disease, although there is no direct evidence for this. There are no postmortem studies looking at the histological changes corresponding to the MRI appearances of SCI, although older studies identified small necrotic lesions in the subcortex of the brain, possibly representing SCIs.^[@b15-1031136]^ It is also possible that SCIs are areas of demyelination, or linked to venous sinus thrombosis.^[@b13-1031136]^ SCIs may also be caused by difficulties maintaining constant blood flow to the brain, leading to watershed infarction precipitated by acute anemia or hypoxia.^[@b16-1031136]^ The lack of pathophysiological understanding makes it difficult to develop new therapeutic strategies. Here, we used an unbiased proteomic approach to identify plasma proteins associated with SCI and potentially linked to the underlying pathophysiology.

It is not easy to identify children with or at increased risk of SCI. Baseline data from the SIT Trial showed that steady state hemoglobin \<7.6g/dl, steady state systolic blood pressure \>104mmHg and male sex were all associated with increased risk of SCI, although a model combining all three significant factors had weak predictive powers, with a C statistic of about 0.6.^[@b8-1031136]^ Abnormal transcranial Doppler velocities are not reliably associated with SCI, although there is a possible association with stenosis of the cervical internal carotid artery.^[@b17-1031136]^ Neuropsychometry can detect some children with SCIs, but is time consuming and not easily available. MRI is currently the only way of diagnosing SCI, although before 7 years of age this usually requires sedation or general anesthetic, which carries significant risks in children with SCD and is unsuitable for screening. MRI is also not widely available in many African countries where SCA is most prevalent. It would therefore be beneficial to develop a simple, screening test for SCI, potentially based on blood testing.

Proteomics can detect, identify and quantify very low concentrations of proteins. For example, a recent study suggested that urine proteomics might help in the diagnosis of acute stroke by detecting brain peptides released by ischemia.^[@b18-1031136]^ The presence of SCI may suggest small blood vessel disease and a tendency to infarct brain tissue, which is likely to be a chronic process, releasing detectable brain proteins into plasma. Plasma protein profiles could also differ between those with and without SCI because of causative pathological factors, including coagulopathy, inflammation, hypoxia and vasculopathy; these differences may be acquired or inherited, and reflect genetic predisposition to silent cerebral infarction. We investigated the possibility that there might be differences in the plasma proteome between children with and without SCIs, with a view to understanding more about the pathophysiology of SCIs and identifying potentially useful biomarkers. We further investigated the hypothesis that genetic factors account for the differences in concentrations of the various proteins, using data from a genome wide association study (GWAS) in a separate cohort of patients with SCA and SCIs.

Methods
=======

Patients and setting
--------------------

The National Research Ethics Committee approved the study (reference 13/LO/0709). Children were recruited from clinics at King's College Hospital and the Evelina Children's Hospital. Approximately 1000 different children are seen annually in these clinics with a further 500 seen in outreach clinics.^[@b19-1031136]^ The aim was to recruit a total of 50 patients, with equal numbers of those with SCIs and controls with normal brain MRIs. Children known to have SCIs from previous MRI scans were selectively recruited. Eligible patients without previous MRIs were recruited sequentially in clinic, on the basis that 20-30% of these children would have SCIs, and combining the two groups would result in approximately 25 children in each group. SCI and control groups were not specifically matched for age and gender. Inclusion criteria were: sickle cell anemia (HbSS), age 8-18 years old, normal or conditional TCD velocities (\<200cm/s) (10), able to tolerate MRI scan without sedation. Exclusion criteria were: history of overt stroke, blood transfusion in last 4 months, serious co-existing disorder (renal failure, HIV, hepatitis, malignancy, autoimmune disease, chronic infection, cardiac disease, long-term medication), acute complications requiring hospital attendance in last 3 months. Patients on hydroxyurea (HU) were recruited to both arms. Routine clinical and laboratory data were collected.

Brain MRI and neurological assessment
-------------------------------------

Brain MRIs were performed to identify the presence of SCIs using standardised definitions^[@b20-1031136]^ (see *Online Supplementary Materials*). On the day of blood sampling, all children underwent standardised neurological examination by experienced clinicians to document the absence of neurological abnormalities suggestive of an overt stroke. All children had routine TCD scans performed at least annually, and these were used in this study.

Proteomic analysis
------------------

Blood samples were collected on all children at the time of consent. A data-driven proteomics approach was used to discover protein changes in the plasma associated with SCI. We used an established workflow combining isobaric Tandem Mass Tags (TMT) reagents with off-gel fractionation, followed by high sensitivity rapid throughput mass spectrometry (MS) and LC-MS/MS. (details in *Online Supplementary Materials*). Relative amounts of each peptide were compared between the SCI and control groups, and P values were calculated for those peptides showing greater than 1.3 fold differences.

Targeted plasma analysis for biomarkers of neurological disease
---------------------------------------------------------------

Plasma samples were also analysed for 92 protein biomarkers known to be implicated in neurological disease, using a multiplexed proximity extension assay21 (see *Online Supplementary Materials* for full list of biomarkers).

Data analysis
-------------

Statistical significance was assessed using appropriate tests to compare means with adjustments for multiple comparisons when appropriate. Statistical analyses were performed in the proteomics laboratory and medical statistics department of Public Health Sciences at King's College London.

Genetic association of protein biomarkers with SCIs
---------------------------------------------------

The genes coding for plasma proteins which differed significantly between children with and without SCIs were identified using standard databases. Genetic association analysis was then undertaken in a separate adult cohort at KCH, evaluating the variants within each gene and their association with SCI^[@b22-1031136]^ (details in *Online Supplementary Materials*).

Results
=======

A total of 55 patients consented to take part in the study, although no blood samples were taken from one, and three further patients did not have an MRI scan performed. Plasma from 54 patients underwent proteomic analysis, although only data from the 51 patients (22 female) with MRI results were analysed. In total, 19 (37%) had SCIs and 32 (63%) normal brain MRIs, deviating slightly from the aim of equal numbers in each group because of recruitment of children without previous MRIs, the majority of whom had normal brain imaging ([Figure 1](#f1-1031136){ref-type="fig"}). A total of 15 children were identified as having SCIs from scans performed as part of this study, and four children were recruited as a result of previous MRI scans showing SCIs; in these four children, there was a median delay of 20 months (range 9 -- 40 months) between MRI scan and blood sampling for proteomic analysis. One child had conditional velocities and 50 normal velocities on TCD scanning.

![Diagram showing the flow of patients through the study.](1031136.fig1){#f1-1031136}

Basic clinical and laboratory data
----------------------------------

Relatively more males (13/29, 44%) than females (6/22, 27%) were in the SCI group, although this was not significantly different (Chi square, *P*=0.199). There was no significant difference in HU use between the SCI and control groups: controls 11/32 (36%) on HU, SCI 7/19 (37%) on HU (Chi square, *P*=0.86). G6PD assays were available for 45 patients, and there was no association with SCI: G6PD deficiency was present in 3/29 (10%) controls and 2/16 (12%) with SCIs (Chi square, *P*=0.83). Basic laboratory and clinical characteristics are summarized in [Table 1](#t1-1031136){ref-type="table"}. Mean HbF levels were significantly lower (6.1% *versus* 8.6%, *P*=0.049), and mean systolic blood pressures significantly higher (115 *versus* 108.6, *P*=0.027) in those with SCIs compared to controls.

###### 

Comparison of laboratory and clinical measurements of those with and without SCI. *P* values from t-tests, with significant results shown in bold (*P*\<0.05), not corrected for multiple comparisons.

![](1031136.tab1)

Plasma proteomic analysis
-------------------------

A total of 4662 different peptides were identified, although only 1312 were present in all 51 patient samples, corresponding to 346 different proteins. Forty-four peptides from 13 different proteins were present at more than 1.3 times the concentration in the SCI patients compared to controls ([Table 2](#t2-1031136){ref-type="table"}), whereas 41 peptides from 4 proteins were more than 1.3 higher in the control population ([Table 3](#t3-1031136){ref-type="table"}). Proteins differentially expressed in the SCI group included those implicated in coagulation, lipid and inflammatory pathways.

###### 

List of all peptides and proteins present at significantly increased concentrations (\>1.3 fold) in children with SCIs compared to controls. Where more than one peptide was identified, the most significant difference is given. Concentrations are normalized against standard controls.
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###### 

List of all peptides and proteins present at significantly decreased concentrations (\>0.77 fold) in children with SCIs compared to controls. Where more than one peptide was identified, the most significant difference is given. Concentrations are normalized against standard controls.
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Genetic association of identified biomarkers with SCI
-----------------------------------------------------

We explored the possibility that differences in concentrations of proteins ([Tables 2](#t2-1031136){ref-type="table"} and [3](#t3-1031136){ref-type="table"}) between SCI and control populations were inherited, using a different sample of adult patients who had undergone brain MRI and a genome-wide genotyping array. Of 359 patients with brain MRIs and MEGAchip data, 199 had SCI and 160 did not. Regions of interest were analysed for the candidate genes identified in the proteomic study; the most significant genetic variant from each region is shown in [Table 4](#t4-1031136){ref-type="table"}. No genetic variant in the candidate genes was significantly associated with SCI after correcting for multiple testing. A variant in gelsolin was closest to achieving significance (*P*=0.00029, threshold for significance 0.00009).

###### 

Association of candidate genes for SCI identified in the proteomic part of the study. The most significant genetic variants are shown. None of the variants were significant after adjustment for multiple comparisons.
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Targeted plasma analysis
------------------------

Concentrations of 92 known neurological biomarkers were measured in the plasma of 54 patients who consented to the study and gave blood samples. Fifty-one patients had MRI scans available and were analysed. In order to control for the potential effect of hydroxyurea, a logistic regression model was fitted for each biomarker; the dependent variable was SCI status, and the biomarker and hydroxyurea were included as covariates in each model. Seven biomarkers were significantly associated with SCI, but after correction for multiple hypotheses none of these were significant ([Table 5](#t5-1031136){ref-type="table"}). Several biomarkers were strongly correlated with each other and a heatmap of the correlation matrix indicated a moderate level of redundancy between them. A principal component analysis found that approximately 90% of the variance could be attributed to the first 30 principal components. None of the principal components were found to be differentially expressed with respect to SCI status, either with or without controlling for HU status.

###### 

Known biomarkers of neurological disease showing significant differences between SCI and control populations, although none of these maintain significance when correcting for multiple tests.
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Discussion
==========

Our study found that the presence of SCI in SCA is associated with higher systolic blood pressures, an association that was also found in the SIT trial.^[@b8-1031136]^ Blood pressure is relatively low in SCA,^[@b23-1031136]^ possibly related to chronic anemia and subsequent vasodilatation, and the levels found in our study, with a mean of 115mmHg in the SCI group, would not be considered hypertensive. The exact way in which relative systolic hypertension is associated with SCI in children with SCA is unknown, although systolic hypertension is linked with other vascular complications in SCA (overt stroke,^[@b23-1031136]^ renal insufficiency,^[@b24-1031136]^ and high tricuspid jet velocity^[@b24-1031136]^). Systolic hypertension is also a risk factor for SCI in the non-sickle population.^[@b25-1031136]^ The association between relative systolic hypertension and SCI in SCA seems robust, and is biologically plausible, although there is currently no evidence on whether it is beneficial to lower blood pressure in children with SCA, and at what level such treatment should be considered.

We also found that higher HbF levels were protective against SCI. Increased HbF levels lessen the severity of SCA, with a clear association with decreased pain and longer life expectancy,^[@b2-1031136]^ but a more complex association with cerebrovascular complications. In the SIT Trial, HbF was not associated with SCI in a logistic regression model^[@b8-1031136]^ and analysis of data from the Cooperative Study of Sickle Cell Disease also showed no protective effect of higher HbF levels.^[@b26-1031136]^ Other studies have suggested that there may be neurological benefit to having higher HbF levels. In France, HbF levels were higher in children without SCIs compared to those with (16.5% *vs*. 13.1%, *P*=0.02);^[@b27-1031136]^ a Dutch study found that although HbF did not protect against the occurrence of SCIs, higher levels were associated with a smaller volume of white matter hyperintensities;^[@b28-1031136]^ a study on Brazilian patients showed protection against stroke was associated with genetic determinants of high HbF levels, particularly *BCL11A* alleles.^[@b29-1031136]^ It seems likely that the inherited ability to make more HbF offers some protection against neurological injury in SCA, although this may not always be reflected in the measured HbF percentage, particularly in small studies.

The unbiased proteomic discovery part of this study identified 44 peptides from 17 different proteins which were significantly up- or down-regulated compared to levels in the control population, without correction for multiplicity ([Tables 2](#t2-1031136){ref-type="table"} and [3](#t3-1031136){ref-type="table"}). Many of these proteins can be plausibly implicated in pathogenesis of SCI and fall in to three broad groups.

Prothrombotic proteins
----------------------

Four proteins which were found at higher levels in the SCI patients are known to be prothrombotic. α~2~-antiplasmin is a serine protease inhibitor which inactivates plasmin and decreases the rate of fibrinolysis; high levels are associated with increased ischemic stroke in the non-sickle population.^[@b30-1031136]^ Similarly, α~2~-macroglobulin has prothrombotic properties via the inactivation of plasmin, and elevated levels have been linked to stroke and white matter lesions in non-sickle patients.^[@b31-1031136]^ The fibrinogen γ chain was increased 1.33 fold in the SCI population, and is at the center of fibrin polymerization, interaction with platelets and regulation of factor XIII activity.^[@b32-1031136]^ Increased levels have been associated with vasculopathy, higher levels being increased in inflammation and also possibly inherited.^[@b33-1031136]^ Fourthly, thrombospondin-4 was increased 1.32 fold with SCI. Thrombospondins mediate cellular adhesion to other cells and matrix, and are implicated in many thrombotic and vasculopathic processes. Thrombospondin-1 levels have been found to be increased in children with SCA in association with both SCI^[@b34-1031136]^ and overt stroke,^[@b35-1031136]^ although thrombospondin-4 has not previously been studied in this context. These findings support the potential use of anticoagulant and antiplatelet agents to prevent and treat SCI in SCA.

Pro-inflammatory proteins
-------------------------

Elevated levels of α~2~-macroglobulin, complement C1s and complement C3 in the SCI patients suggest that there is increased inflammation, which is known to predispose towards vasculopathy and stroke. As mentioned previously, α~2~-macroglobulin is a prothrombotic protease inhibitor, but is also involved in inflammatory states, as a carrier for interleukin-6.^[@b31-1031136]^ Both complements C1s and C3 are elevated in inflammation, and high levels of C3 are a known risk factor for atherosclerosis and stroke in the general population.^[@b36-1031136]^ Inflammation is known to be an important component of pathophysiology in SCA, and the role of anti-inflammatory agents in preventing SCIs should be explored further.

Lipoproteins
------------

Apolipoprotein B-100 is the main component of low density lipoprotein cholesterol (LDL-C) and high levels are a well-established risk factor for atherosclerosis. Various studies have shown that drugs which reduce LDL-C also reduce the rate of cardiovascular events, including ischemic stroke,^[@b37-1031136]^ suggesting a possible therapeutic option for children with SCA and ischemic stroke for drugs such as statins. We also found that apolipoprotein A-IV levels were higher in the SCI population, which is perhaps paradoxical in that it is thought to be protective against coronary syndromes,^[@b38-1031136]^ although it has not been directly implicated in cerebrovascular disease or studied in children. A recent study suggested that higher levels were associated with reduced glomerular filtration rates,^[@b39-1031136]^ and this could be one explanation for the differences in our study.

Other interesting candidates
----------------------------

Several other interesting candidates were identified, both shedding light on the pathophysiology of SCI and with the potential to act as useful biomarkers.

Gelsolin binds to and remodels actin by both severing and capping the protein; it is present in both cytoplasm and plasma. Increased plasma levels have been identified as a poor prognostic marker in ischemic stroke.^[@b40-1031136]^ Further significant actions in the context of SCI include a role in promoting platelet formation and activation.^[@b41-1031136]^ In our genetic analysis, a genetic variant in the gelsolin gene showed a trend towards being associated with SCI.

Retinol binding protein-4 is a lipocalin transporting vitamin A from the liver to other tissues, including the brain; plasma levels have been found to be elevated in atherosclerosis and also ischemic stroke.^[@b42-1031136],[@b43-1031136]^

Pigment epithelium-derived factor is multifunctional with anti-angiogenic properties, secreted by different tissues including adipocytes. It is potentially significant in the development of SCI because of its ability to induce insulin resistance, and inflammation and proliferation of muscle cells.^[@b44-1031136]^ It is harder to know the significance of some other proteins, including the lower levels of immunoglobulin chains and platelet basic protein in SCI, although immunodeficiency has been associated with primary and recurrent stroke in the general pediatric population.^[@b45-1031136]^

Several plausible biomarkers for SCI were identified in the targeted plasma analysis, including von Willebrand factor C domain, although none of these reached statistical significance when corrected for multiple assays. Similarly, none of the candidate proteins identified by proteomics showed a convincing genetic association with SCI in a separate cohort of 359 patients with SCA, although the pathophysiology of SCIs seen in the adults used in this part of the study may differ from that in the children used in the proteomic part. This may also reflect the relatively small size of this study, or that the changes seen in proteins of those with SCIs are secondary to other pathological events rather than inherited quantitative trait loci.

The strength of our study is that it used an unbiased proteomics approach to identify proteins involved in the pathogenesis of SCI, together with a combination of targeted plasma analysis and genetic association studies. Our findings suggest that proinflammatory and prothrombotic states contribute to the development of SCI, with possible abnormalities in lipoproteins. Previous studies to identify biomarkers for SCI in SCD have been summarized by Lance *et al*.^[@b35-1031136]^ They identified nine studies measuring a range of different candidates, although no studies used an unbiased proteomic approach. In total, 17 potential candidates were identified in this review, again with a predominance of factors suggesting coagulation activation and increased inflammation.^[@b35-1031136]^ None of the identified candidates were the same as our candidates, although one study found increased levels of thrombospondin-1 in children with SCIs and SCA.^[@b34-1031136]^

Although our study is relatively small, in keeping with proteomic discovery approaches, some significant factors have emerged. We confirmed the importance of hypertension as a risk factor for SCI, together with support for higher HbF levels being protective, suggesting that anti-hypertensives and hydroxyurea may be of benefit. The utility of individual biomarkers, such as gelsolin or α-2-antiplasmin, to act as clinically useful biomarkers in screening for SCI needs to be confirmed in larger, prospective studies. Previous studies have shown increased inflammation and coagulation in children with SCD,^[@b46-1031136],[@b47-1031136]^ possibly linked to small blood vessel disease,^[@b48-1031136]^ and our study suggests that this is more marked in children who also have SCIs. This relatively prothrombotic and pro-inflammatory state associated with SCIs suggests that it may be useful to study anti-inflammatory and antiplatelet agents in clinical trials of SCI prevention. Ongoing clinical trials of antiplatelet agents,^[@b49-1031136]^ statins^[@b50-1031136]^ and canakinumab are particularly relevant in this context.
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